Akopian, Abram, Robert Gabriel, and Paul Witkovsky. Cal-wide distribution among retinal neurons (Lukasiewicz 1996; cium released from intracellular stores inhibits GABA A -mediated Slaughter 1995). The inner plexiform (synaptic) layer of currents in ganglion cells of the turtle retina. J. Neurophysiol. 80: the retina is particularly rich in GABA-containing neuronal [1105][1106][1107][1108][1109][1110][1111][1112][1113][1114][1115] 1998. We studied spiking neurons isolated from turtle processes (Yazulla 1986). Correspondingly, the trigger fearetina by the whole cell version of the patch clamp. The studied tures of ganglion cells, which carry the retinal message to cells had perikaryal diameters ú15 mm and fired multiple spikes the brain, are strongly affected by GABAergic inputs. For in response to depolarizing current steps, indicating they were ganexample, the directional selectivity of ganglion cells is lost glion cells. In symmetrical [Cl 0 ], currents elicited by puffs of when GABA A receptors are blocked by selective antagonists 100 mM g-aminobutyric acid (GABA) were inward at a holding (Massey et al. 1997; Wyatt and Daw 1976) . The evident potential of -80 mV. All of the GABA-evoked current was blocked by SR95331 (20 mM), indicating that it was mediated by a GABA A importance to ganglion cell function of GABA-dependent receptor. The GABA-evoked currents were unaltered by eliciting circuitry is the starting point for the current study, which is a transmembrane calcium current either just before or during the focused on the modulation of GABA A inputs to ganglion response to GABA. On the other hand caffeine (10 mM), which cells by calcium.
23ЊC ) for 20 min and then washed several times with Ringer Biochemical International, Natick, MA) were applied extracellularly by pressure pulses with the use of a DAD-12 superfusion solution. The remaining procedure for cell isolation is identical to that reported previously ( Akopian and Witkovsky 1996 ) . system (Adams and List Associates, Westbury, NY). GABA antagonists were applied before and during the agonist application, Experiments were performed on cells within 1 -2 h after isolation. We studied large cells ( perikarya ú15 mm diam) , which whereas caffeine was applied 10-20 s before a GABA application.
Calmidazolium and cyclosporin A (20 mM, Research Biochemical after isolation often retained a portion of the axon and some short processes. On the basis of perikaryal dimensions ( Kolb International) , bis-(o-aminophenoxy)-N,N,N,N-tetraacetic acid (BAPTA; 10 mM, Sigma), alkaline phosphatase (150 mg/ml, 1982 ) and the presence of an axon, the neurons we studied are ganglion cells. In current-clamp mode they fire multiple spikes Boehringer Mannheim, Indianapolis, IN), and calcineurin (300 mg/ml, Sigma) were added to the standard patch pipette solution. in response to depolarizing current steps.
Immunocytochemistry
Recording procedure Eyecups were prepared as described previously, except that the Whole cell currents were recorded in a conventional way (Hamretina was not separated from the back of the eye. The eyecup was ill et al. 1981) with the use of an Axopatch 200A amplifier (Axon fixed in 4% paraformaldehyde in 0.1 M phosphate buffer (pH Instruments, Foster City, CA). Recording pipettes were made from 7.4) for 12 h. The tissue was washed in phosphate buffer and borosilicate glass tubing (1.2 mM OD, 0.6 mm ID). Electrode cryoprotected in 30% sucrose dissolved in phosphate buffer, then resistance was typically 3-5 MV in the bath solution. After seal embedded in Tissue-Tek compound (Miles Laboratories, Naper-rupture the series resistance (10-15 MV) was compensated (70-ville, IL) and sectioned in a cryostat at 12 mm. Sections were 80%) by a standard circuit. Whole cell currents induced by GABA placed in an antibody diluent solution for 1 h (Gabriel et al. 1992 ) (100 mM) were typically õ1 nA (usually 300-700 pA); voltage supplemented with 5% normal goat serum. Primary antibodies errors resulting from inadequate compensation were estimated to (monoclonal mouse anti-ryanodine receptor, 1:200 dilution, and be at most 3-4 mV. The average input resistance for ganglion polyclonal rabbit anti-IP 3 receptor, 1:250 dilution, both from cells, estimated from the steady-state current induced by a -10 Chemicon, Temecula, CA) were applied overnight, followed by mV voltage step from -60 mV, was 2.4 { 0.4 (SE) GV (n Å 8). the appropriate biotinylated secondary antibodies (Sigma, St. Currents were filtered at 1 kHz by a low-pass Bessel filter and Louis, MO) in 1:100 dilution for 3 h and the streptavidin-biotinyl-were typically sampled at 100 Hz. The pClamp software package ated horseradish peroxidase complex (Vector, Burlingame, CA) (Axon Instruments) was used for data acquisition and analysis. in 1:200 dilution for 2-4 h. The reaction was developed in 0.05% Summary data are presented as means { SE. Membrane potential diaminobenzidine and 0.01% H 2 O 2 dissolved in 0.05 M tris(hy-usually was held at -60 mV and 1-2 s pressure pulses were applied droxymethyl)aminomethane buffer (12-20 min). Sections were to puff GABA onto the cell surface. The interval between puffs dehydrated in an ascending ethanol series and coverslipped in Per-was ú30 s. mount.
For fluorescent double labeling, the same sections and primary R E S U L T S antibodies were used as described previously. The secondary antibodies were horse anti-mouse coupled with Texas red (Vector) and Characteristics of GABA-induced current goat anti-rabbit coupled with fluorescein isothiocyanate (Vector) at 1:50 dilution. Sections were coverslipped in Vectashield (Vector) It was shown in other preparations that a combination mounting medium.
of Mg-ATP and low [ Ca 2/ ] i is critical for slowing a runOmission of primary antibodies or their replacement with nonim-down of GABA-dependent responses ( Chen et al. 1990;  mune sera resulted in no staining. We found no cross-reactivity Stelzer and Wong 1987 ) , which otherwise fall to Ç10% between primaries and the noncorresponding secondaries. As posiinitial value within 10 min. Accordingly, we routinely tive controls for the specificity of antibody staining, rat retina and included MgCl 2 ( 2 mM ) and ATP ( 2 mM ) in the intracelskeletal muscle were used for ryanodine receptor labeling; rat retina and cerebellum were employed to examine IP 3 receptor immuno-lular solution and used a combination of 0.1 mM CaCl 2 chemistry. We obtained staining appropriate to the cellular location and 0.5 m M EGTA to clamp intracellular free Ca 2/ level of the receptors, as described by others (McPherson and Campbell at Ç50 nM ( Hagiwara 1983 ) . If the GABA-induced re-1993; Ross et al. 1989). sponses declined ú10% from their initial value during the first 10 min, the experiment was terminated and the data Solutions from that cell were rejected. Cells were held at -80 mV, and inward currents were
The Ringer solution contained (in mM) 100 NaCl, 3.3 KCl, 2
elicited by 2-s puffs of 100 mM GABA. The mean inward CaCl 2 , 1 MgCl 2 , 10 glucose, and 10 N-2-hydroxyethylpiperazinecurrent amplitude elicited by a GABA puff was 580 { 40 N-2-ethanesulfonic acid (HEPES), pH adjusted to 7.5 with pA (n Å 25, range 300-900 pA). With symmetrical Cl 0 NaOH. In experiments to study Ca 2/ influx through voltage-gated Ca channels, the normal Ringer solution was modified by increas-concentration inside the patch pipette and in the bath, an ing CaCl 2 to 20 mM and adding 1 mM tetrodotoxin (TTX), 5 mM inward current was elicited at negative membrane potentials 4-aminopyridine (4-AP), and 20 mM tetraethylammonium (TEA) that reversed near 0 mV and became outward at positive to block sodium and potassium currents. The osmolarity was kept potentials (Fig. 1A) . When [Cl 0 ] in the internal solution constant by removing an equimolar concentration of NaCl. The was reduced to 8 mM, by replacing it with gluconate the standard intracellular solution in the patch pipette contained (in reversal potential was shifted to -60 mV, close to the value mM) 100 CsCl, 2 MgCl 2 , 0.1 CaCl 2 , 0.5 ethylene glycol-bis (b-predicted by the Nernst equation for Cl 0 dependence ( brane potential was stepped from -80 to /10 mV for 500 ms (Fig. 3A) , and the responses to GABA were recorded were sustained; however, at higher concentrations, desensitiwithin 200 ms after the termination of the depolarizing steps. zation of currents was observed in the continued presence of GABA (see Figs. 3 and 4) .
As a further probe of the receptor subtype responsible for the generation of GABA-evoked responses, we applied known GABA receptor agonists and antagonists. The GABA pulses (1-2 s,100 mM) were applied at 30-50 s intervals to reduce desensitization. The GABA-induced responses were reversibly reduced on average by 90% (n Å 6) in the presence of the GABA A receptor antagonist bicuculline (100 mM, Fig. 1C ) and 100% by exposure to 20 mM SR95331 (Fig. 1D) , a potent GABA A antagonist (Lukasiewicz and Werblin 1994). We examined the effect of the GABA C receptor agonist CACA as a test of whether the bicucullineinsensitive part of the GABA A response was mediated by an activation of GABA C receptors. In 4 of 11 cells studied, CACA (100 mM) induced a small sustained current (not shown). However, we found that currents elicited by CACA mM) was without effect. We conclude that at least the great (EGTA), and Ca-free solution, which contained 10 mM BAPTA. Peak majority of receptors involved in the generation of the amplitude of GABA-evoked current recorded after 10 min was normalized GABA-mediated currents examined were of the GABA A re-to that obtained immediately after the patch break. Number of cells studied is indicated above each bar.
ceptor subtype.
J964-7 / 9k2c$$se02 08-11-98 14:27:20 neupa LP-Neurophys increased from 3.2 { 0.15 s in control to 6.6 { 0.9 s in the presence of caffeine (Fig. 4C ). Caffeine also substantially slowed the onset of GABA-induced responses (Fig. 4 B, arrow), increasing rise time from 120 { 15 ms in control to 300 { 30 ms (Fig. 4D) . A caffeine-induced reduction of GABA currents was observed over a wide range of GABA concentrations, from 5 mM to 1 mM. Figure 5 illustrates that caffeine reduced the maximum response without altering the concentration of GABA that elicited a half-maximal response. The finding that the normalized dose-response curves for GABA in the FIG . 3. Influx of Ca 2/ through voltage-gated channels does not alter GABA-evoked current. A: GABA-induced currents recorded before and absence and in the presence of 10 mM caffeine are superim-100 ms after eliciting calcium current are superimposed. Ca current was posed (Fig. 5, inset) indicates that caffeine has no effect on evoked by a 500-ms depolarizing step from -60 to 0 mV. External solution the affinity of GABA for the GABA A receptor. Moreover, contained 20 mM CaCl 2 to enhance Ca current and 1 mM tetrodotoxin, 4
the reversal potential of GABA-evoked responses was unafmM 4-aminopyridine (4-AP), and 20 mM tetraethylammonium to block Na and K currents. Patch pipette contained standard internal solution. The fected by caffeine (Fig. 6A ). Inhibition of GABA-mediated amplitude of the GABA-evoked current was not altered by the depolarizing responses by caffeine did not depend on membrane potential step. B: cell different from A; Ca current elicited during a 4-s GABA puff and was observed at holding potentials from -60 to /50 (horizontal bar) altered neither the magnitude nor the kinetics of the GABA mV. This is illustrated in Fig. 6B , where the I-V curves of response, indicating that influx of Ca 2/ through voltage-gated channels has GABA-induced currents in control and in the presence of no effect on GABA responses.
caffeine intersect near /10 mV.
To explore the basis of the caffeine-induced inhibition of GABA-induced currents measured after the voltage steps did
GABA-evoked current we tested for its possible dependence not differ from those recorded before them. Thus the mean on extracellular Ca 2/ by replacing extracellular Ca 2/ (2 GABA-evoked current for the control condition was 395 { mM) with an equivalent amount of Co 2/ . In Co 2/ medium 55 pA, whereas it was 390 { 68 pA after induction of a Ca caffeine still induced an inhibition of GABA-induced recurrent of 457 { 81 pA, indicating that Ca influx through voltage-gated channels does not suppress GABA responses. We considered the possibility that, if the Ca influx were transient and fast, as reported for frog primary sensory neurons (Inoue et al. 1986 ), the interval between stimulation of Ca current and application of GABA in our experiment might be too long to observe the effect of Ca 2/ influx. Although Ca currents in turtle retinal ganglion cells are reported to be sustained (Lasater and Witkovsky 1990) (see Fig. 3 ), we explored this possibility by activating Ca currents during a continuous application of GABA. If Ca 2/ influx were to induce a transient reduction of GABA-mediated responses, then a relaxation of the GABA-induced inward current would be expected to occur immediately after the termination of the voltage step. No relaxation was seen in three cells examined (Fig. 3B) .
Effect of Ca 2/ released from intracellular stores
Experimental evidence supports the idea that Ca-induced Ca release (CICR) from intracellular stores, first described in muscle cells, also occurs in neurons (reviewed in Verkhratsky and Shmigol 1996) . Caffeine is known to promote large increases of [Ca 2/ ] i from intracellular stores by shifting the Ca 2/ sensitivity of CICR to lower concentrations (Sitsapesan and Williams 1990) . Superfusion of the cell surface with Ringer solution containing 10-20 mM caffeine did not evoke any current, but it reduced the amplitude of the GABA-evoked current elicited by a superimposed puff ibly reduced GABA-evoked current. GABA (100 mM) was puffed before of GABA by 32 { 3% ( Fig. 4A ; n Å 40, range 20-60%). and after 20-s preexposure of cells to 20 mM caffeine. B: reduction of the The caffeine effect was fully reversible by a wash with nor-amplitude by caffeine was accompanied by a slowing of the onset (arrow) and decay of GABA-induced current. The decay components were fit by mal Ringer solution. The reduction of amplitude was accomsingle exponentials (smooth lines) with time constants, t, of 2.5 s (control) panied by changes in the kinetics of activation and inactiva- 26 { 3 and 32 { 3%, respectively (n Å 3-6). When the patch pipette contained a 10 mM BAPTA internal solution, the inhibitory effect of ryanodine (20 mM) on the GABAevoked current was substantially reduced to 9% (n Å 2). This result is consistent with the idea that ryanodine, acting through its receptor, causes a depletion of Ca stores and that released Ca subsequently induces an inhibition of the GABA-evoked current. Next we tested if ryanodine could block a caffeine-induced inhibition of the GABA-evoked current. In our experiments the inhibitory effect of caffeine was reduced from 32 { 3% in the control solution to 14 { 4% in the presence of ryanodine. Thus we did not observe a complete suppression of the caffeine effect in the presence of ryanodine.
Involvement of Ca-dependent enzymes
Ca-induced inhibition of GABA-evoked responses might be mediated by a direct interaction of Ca 2/ with the GABA receptor or by an activation of Ca-dependent enzymatic processes that modify the GABA receptor. In relation to the sponses of 25 { 5% (n Å 7, not shown), a degree of inhibition that did not differ significantly from that observed in normal extracellular [Ca 2/ ] . This result suggests that caffeine causes an elevation of [Ca 2/ ] i by releasing Ca 2/ from intracellular stores. If so, one would expect that chelation of internal Ca 2/ by the high-affinity Ca buffer BAPTA should reduce a caffeine-induced inhibition of GABA-dependent responses. We found that, when the patch pipette contained Ca-free 10 mM BAPTA solution, the mean reduction of GABA responses by caffeine was reduced to 8 { 3% (range 2-22%, n Å 6, Fig. 7B) .
Because BAPTA will buffer intracellular calcium irrespective of its source, a more direct test of the putative participation of intracellular calcium stores was necessary. Therefore we explored the effect on GABA-mediated currents of the inhibition of Ca 2/ uptake into the sarco(endo)plasmic reticulum; thapsigargin, a selective blocker of endoplasmic reticulum Ca 2/ -ATPase, was utilized for this test (Thastrup et al. 1990) . Figure 7A illustrates a representative experiment in which the GABA-elicited responses first were recorded in normal Ringer solution and then in the presence of caffeine (left panel, filled bar). Thereafter the cells were exposed to 10 mM thapsigargin (open bar) for 5 min, and again GABA-evoked responses were recorded in the presence of caffeine (right panel). After exposing cells to thapsigargin, caffeine reduced GABA responses only by 7 { 2% (n Å 11).
Ryanodine was shown to bind to the ryanodine receptor channels and ''lock'' them in an subconducting state, leading retinal bipolar and ganglion cells (Cooper et al. 1985; Wood et al. 1980 ). Elevation of [Ca 2/ ] i is known to trigger the activation of Ca/CaM-dependent phosphatases in the CNS (Klee et al. 1979) . To test this possibility we used calmidazolium, which is a potent inhibitor of CaM-dependent phosphatase (Van Belle 1981). When calmidazolium (30 mM) was included in the pipette solution it substantially reduced the caffeine-induced inhibition of GABA-mediated responses (Fig. 7C) . In these experiments recordings were performed 3-5 min after establishing the whole cell configuration to allow calmidazolium sufficient time to diffuse into the cell. The mean inhibition of GABA-dependent responses by caffeine in the presence of calmidazolium was 9 { 2% (range 0-17%, n Å 19). Additional support for an involvement of calcineurin was provided by experiments with cyclosporin A, a selective antagonist of calcineurin (Hashimoto et al. 1990 ). After 5-min incubation with 20 mM cyclosporin A, the inhibitory effect of caffeine on GABAevoked current was reduced to 5 { 2% (n Å 9, range 0-12%, not shown). The effect of cyclosporin A was apparent within 1 min of establishing the whole cell configuration, indicating that the effective rates of endogenous phosphorylation and dephosphorylation are both high (Jones and Westbrook 1997).
As a further probe of the possible involvement of phosphatase activity in a downregulation of GABA-dependent responses, we recorded GABA-induced current in the presence of alkaline phosphatase (150 mg/ml) in the patch pipette. Alkaline phosphatases are nonspecific enzymes that hydrolyze phosphorus-containing compounds (McComb et al. 1979 ). In the presence of alkaline phosphatase we observed a dramatic rundown of the GABA-mediated currents, such (Fig. 8, A and E, ᭺) . Finally, of cells to 10 mM thapsigargin (open bar), the inhibitory effect of caffeine intracellular administration of calcineurin (300 mg/ml) was substantially reduced (right panel). B: caffeine-induced inhibition of caused a similar, but slower, rundown of GABA-evoked GABA responses was abolished in the presence of 10 mM BAPTA in currents than did alkaline phosphatase. After 10-min incubathe patch pipette. C: calmidazolium (30 mM), an inhibitor of Ca/CaM phosphatase, applied intracellularly attenuated the caffeine-induced inhibi-tion with calcineurin, responses to GABA application retion of GABA-evoked current, indicating an involvement of Ca/CaM-de-duced to 40% of their initial value (Fig. 8B) . In contrast pendent phosphatases.
there was no reduction of GABA-elicited currents over the same period in control cells tested with the normal pipette solution (Fig. 8E, q) . This difference suggests that the dependent manner . Ca/CaM was shown to stimulate adenylate cyclase activity in retinal preparations effect of [Ca 2/ ] i on GABA-induced responses may be mediated through an activation of one or more Ca-dependent from different species (Gnegy et al. 1984; Sano 1985) . Thus one possibility is that the effect of [Ca 2/ ] i is mediated enzymes, of which the most probable is the Ca-dependent phosphatase calcineurin. through an activation of adenylate cyclase, resulting in an elevation of adenosine 3,5-cyclic monophosphate (cAMP).
It is known that activation of glutamatergic receptors in CNS neurons induces an elevation of internal Ca 2/ (Mayer Moreover, caffeine, being a methylxanthine, has phosphodiesterase blocking activity (Verkhratsky and Shmigol 1996) et al. 1987) , both by its influx through receptor-regulated channels and by release from intracellular stores. The latter and so might contribute to keeping the concentration of cAMP at a high level. If one assumes that caffeine acts can be brought about by 1) Ca-induced Ca release (Linn and Christensen 1992) and/or 2) by stimulation of Ca-dependent primarily through cAMP, the expectation would be that GABA-dependent responses should be decreased by an ele-phospholipase C to produce IP 3 , which then mobilizes Ca 2/ from internal stores (Wood et al. 1997 ). vation of [cAMP] i . We utilized a membrane-permeable analogue of cAMP, dBcAMP (500 mM), and found that in its
We tested whether IP 3 can modulate GABA-mediated responses. In the experiment illustrated in Fig. 8C , IP 3 (50 presence GABA-elicited responses actually increased slightly (data not shown). These data suggest that activation mM) was added to the standard internal solution, and GABAevoked responses were recorded within 20 s after the patch of adenylate cyclase is not the primary mechanism by which caffeine modulates GABA-induced responses.
break (1) and after 8 min in whole cell mode (2). GABAdependent currents progressively reduced in the presence of Another calcium-dependent enzyme is the calmodulin-dependent phosphatase calcineurin, which was found in chick IP 3 . The mean inhibition of GABA-evoked current after 8-J964-7 / 9k2c$$se02 08-11-98 14:27:20 neupa LP-Neurophys duced substantially in the presence of 1) ryanodine or 2) thapsigargin in the bath solution, 3) when the patch pipette contained Ca-free/BAPTA solution, or 4) when calmidazolium was present in the standard internal solution.
Immunocytochemical localization of ryanodine and IP 3 receptors
In vertical sections of the turtle retina, most cells in the ganglion cell layer and a few cells in the inner nuclear layer were seen to be labeled with antibodies directed against either the ryanodine receptor or the IP 3 receptor (Fig. 10) . Most ganglion cells were immunoreactive for the ryanodine receptor (Fig. 10, A and B) . Large ganglion cells invariably were immunoreactive for both ryanodine and IP 3 receptors; occasionally dendritic processes extending into the inner plexiform layer also showed immunoreactivity (Fig. 10, C  and D) . In the perikaryon the stained areas were patchy, possibly indicating a local concentration of intracellular membranes. In double-labeling experiments both ryanodine and IP 3 receptors were colocalized in numerous cells of the ganglion cell layer, including the large ganglion cells (Fig.  10, E and F) , which are the subject of the physiological experiments reported previously. These data indicate that the large ganglion cells have both ryanodine and IP 3 receptors.
D I S C U S S I O N

Ca-mediated inhibition of GABA-evoked current involves intracellular Ca stores
The current physiological results suggest that in turtle retinal ganglion cells an elevation of [Ca 2/ ] i released from internal stores suppresses GABA A -induced responses through the intermediation of one or more calcium-depen- FIG . 8. Effects of intracellularly applied alkaline phosphatase, caldent enzymes. Our immunoreactivity data indicate that the cineurin, and inositol trisphosphate (IP 3 ) on GABA-induced current. Rundown of GABA-induced currents recorded with patch pipette containing ganglion cells we studied have both ryanodine and IP 3 recep-150 mg/ml alkaline phosphatase in the internal solution. Whole cell currents tors, which were implicated in the release of calcium from were recorded within 20 s after the patch break and after different time endoplasmic reticulum stores (Berridge 1993 ; Garaschuk et intervals of perfusion with alkaline phosphatase ( A) and calcineurin (B). al. 1997).
C: GABA-evoked current was substantially reduced after 8-min recording with a patch pipette containing 50 mM IP 3 (1) compared with the current recorded immediately after the patch break (1). D: coapplication of heparin (50 mM) with IP 3 in the pipette solution abolished an IP 3 -induced inhibition of GABA responses. E: time course of normalized peak GABA currents recorded with a patch pipette containing standard internal solution ( q ) or in the presence of 150 mg/ml alkaline phosphatase (᭺), calcineurin (᭝), or 50 mM IP 3 added to the standard internal solution (ᮀ). Currents (I t ) were evoked at 1-min intervals and their peak amplitude normalized to the current, obtained within 20 s (I o ) after the patch break. Each point represents the mean value { SE for the indicated number of cells.
10 min perfusion with IP 3 (Fig. 8E, ᮀ) was 47 { 5% (n Å 7). The inhibitory action of IP 3 was blocked when 10 mM BAPTA was added to the patch pipette, indicating an involvement of intracellular Ca 2/ . Heparin (50 mM), which blocks Ca release from IP 3 -sensitive stores (Frank and Fein 1991) , applied together with IP 3 , substantially reduced the IP 3 -induced inhibition of GABA-induced responses (Fig.  8D ). These data indicate that an IP 3 -induced reduction of tors colocalize and are most concentrated in the perikarya Antiryanodine and IP 3 receptor immunoreactivity (Seymour-Laurent and Barish 1995) . This is the same patThe IP 3 receptor was localized to the endoplasmic reticu-tern we find for turtle retinal ganglion cells. lum of cerebellar Purkinje neurons (Ross et al. 1989), which In many neurons, caffeine stimulates Ca release from ryare particularly abundant in the perikaryon. In contrast, in a anodine-sensitive stores by a mechanism known as CICR variety of vertebrate retinas including that of turtle, Peng (Sitsapesan and Williams 1990; Verkhratsky and Shmigol et al. (1991) found most IP 3 receptor immunoreactivity in 1996). In our experiments, caffeine reversibly reduced the synaptic terminals rather than in perikarya. This staining membrane currents elicited by GABA and slowed the kinetdifference may reflect the different antibodies used and/or ics of activation and decay of the GABA-induced membrane the subcellular localization of different IP 3 receptor isoforms. current. Inhibition was observed over a wide range of GABA The latter possibility was advanced by Peng et al. (1995) concentrations from 10 mM to 1 mM. The following results to account for the absence of anti-IP 3 receptor staining in support our conclusion that the effect of caffeine is mediated retinal rods and horizontal cells in which IP 3 turnover was through Ca 2/ release from internal stores. 1) A caffeinereported (reviewed in Anderson and Brown 1988) . Howinduced inhibition of GABA-dependent responses was not ever, in goldfish retina, Micci and Christensen (1996) found affected when extracellular Ca 2/ was replaced by Co 2/ . 2) abundant IP 3 receptor in ganglion cell perikarya.
When cells were incubated with thapsigargin, a potent Ryanodine receptors were localized by light-and electron blocker of endoplasmatic Ca-ATPase, the effect of caffeine microscopic immunocytochemistry to the endoplasmic reticwas substantially reduced. 3) Use of Ca-free solution to ulum of a variety of central neurons (Sah et al. 1993 (Sah et al. , 1994 . In cultured hippocampal neurons, IP 3 and ryanodine recep-which 10 mM BAPTA was added in the patch pipette sup-J964-7 / 9k2c$$se02 08-11-98 14:27:20 neupa LP-Neurophys pressed the inhibitory effect of caffeine on GABA-mediated Mechanisms of calcium-mediated modulation of GABA currents responses. 4) Pretreatment of cells with ryanodine reduced the effect of caffeine.
The reversibility of the caffeine effect suggests that it The effect of caffeine can be blocked by thapsigargin, is not likely to be mediated through proteolysis of GABA which prevents Ca 2/ accumulation into stores through the receptors by Ca-dependent proteases. Two alternative possiinhibition of a Ca / ATPase pump, or by ryanodine, which bilities are that calcium is linked to a cAMP-dependent pathgreatly increases passive Ca exchange between the store way or that it works through one or more calcium-dependent and cytosol, thereby preventing a net Ca 2/ accumulation kinases and/or phosphatases. [Ca 2/ ] i is known to regulate by the store. In our experiments both these agents substanthe activity of various enzymes through activation of caltially reduced the caffeine-induced inhibition of the modulin , and calmodulin-dependent adenyl-GABA. In addition, ryanodine by itself reduced the ate cyclase was found in rat, rabbit, bovine, and fish retinas GABA-evoked current, but ryanodine was ineffective (Gnegy et al. 1984; Sano 1985) . There is evidence from when the patch pipette solution contained 10 mM BAPTA, other systems that GABA A responses can be modulated by an indication that reduction of GABA-evoked current is activation of a cAMP cascade. For example, activation of most likely caused by a net cytosolic Ca 2/ increase becAMP-dependent protein kinase A (PKA) is suggested to cause of a depletion of Ca stores.
reduce GABA A receptor current in cultured mouse spinal Ganglion cells in turtle retina possess high-voltage-actineurons (Porter et al. 1990 ) and rat superior cervical ganvated Ca channels (Lasater and Witkovsky 1990). In our glion cells (Moss et al. 1992) , whereas in cerebellar Purkinje experimental conditions 500-ms depolarizing steps from cells PKA activators increased a GABA-activated current -80 to 0 mV elicited a large Ca current (Fig. 3) , but it had (Kano and Konnerth 1992). no effect on GABA-evoked responses, indicating that the If one supposes that the effect of caffeine on GABACa 2/ that enters the cell through voltage-gated channels does induced responses in our experiments is mediated through not modulate GABA-induced current, whereas elevation of an inhibition of phosphodiesterase or an activation of Ca/ [Ca 2/ ] i through release of internal stores does. Our finding CaM-dependent adenylate cyclase by [Ca 2/ ] i , then one is in contrast to results described in frog sensory neurons in would expect both cAMP and caffeine to produce an inhibiwhich a relaxation of the GABA-activated Cl 0 current was tion of GABA-dependent responses. However, exposure of observed after the termination of each depolarizing step cells to 500 mM dBcAMP failed to reduce GABA responses; (Behrends et al. 1988; Inoue et al. 1986 ). We did not observe in contrast we observed a slight enhancement of GABAsuch an effect in our experiments when the calcium current induced currents in three of four cells studied. This change was activated during a sustained application of GABA (Fig. suggests that activation of the cAMP cascade is probably 3B). However, our finding that the source of calcium for not an intermediary in the caffeine-induced inhibition of modulation of GABA-elicited responses depends on intracel-GABA-mediated responses in turtle ganglion cells. lular stores rather than calcium influx through voltage-gated An alternative mechanism for caffeine-induced inhibition channels is consistent with results obtained in cultured por-of GABA-evoked responses is through activation of Cacine melanotrophs and rat central neurons (Mouginot et al. dependent phosphatases, as described in hippocampal neu-1991; Mulle et al. 1992) . The ineffectiveness of calcium rons (Chen et al. 1990; Chen and Wong 1995) . Acceleration influx through voltage-dependent calcium channels in modi-of rundown of GABA-induced currents in the presence of fying GABA-induced currents presumably reflects the com-alkaline phosphatase and calcineurin (Fig. 8 ) supports this partmentalization of the cytoplasm. Studies of the calcium idea. In our experiments, calmidazolium and cyclosporin A, dependence of synaptic transmitter release (Llinás et al. both potent inhibitors of Ca/CaM-dependent phosphatase 1995) indicate that calcium influx across the plasma mem-(Van Belle 1981), substantially reduced the inhibitory effect brane is confined to a microdomain. Possibly this calcium of caffeine, indicating that dephosphorylation of the GABA A does not have access to a calcium-dependent component of receptor or a related protein probably is responsible for the the biochemical pathway that activates calcineurin, which is suppression of GABA responses induced by elevation of accessible to calcium released from intracellular stores.
[ (Taleb et al. 1987) . In dentate granule cells eleva-the first 2-3 min recording in whole cell mode. A similar tion of [Ca 2/ ] i caused depression of synaptic GABA A recep-enhancement of GABA responses after the patch membrane tor-channels (De Koninck and Mody 1996) . In contrast, break was observed in experiments in which calmidazolium maintenance of a low level of [Ca 2/ ] i was required for full was present in the recording pipette, suggesting that in intact activation of GABA A current in guinea pig hippocampal cells the GABA A receptors partially are suppressed by active neurons (Stelzer and Wong 1987) . In retinal ganglion cells endogenous phosphatases. of tiger salamander Ca 2/ released from internal stores is Our data are consistent with the identification of a Caable to modulate metabotropic GABA B responses, possibly CaM-dependent phosphatase (calcineurin) in bipolar and by altering the affinity of agonist binding to receptors (Shen ganglion cells of the chick retina (Cooper et al. 1985) . In and Slaughter 1997). However, in our study, caffeine re-contrast, in rod bipolar cells of the rabbit retina, activation duced the maximum current induced by activation of of protein kinase C (PKC) rather than PKA activation is GABA A receptors rather than by producing a shift in the involved in the modulation of GABA-evoked currents (Gillette and Dacheux 1996) . Moreover, in rabbit rod bipolar dose-response curve along the concentration axis (Fig. 5) 
